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Abstract 

IT) ■ 

(f) ■ Within the Constrained Minimal Supersymmetric Standard Model (CMSSM) it is possible to predict the 

low energy gauge couplings and masses of the 3. generation particles from a few parameters at the GUT 
scale. In addition the MSSM predicts electroweak symmetry breaking due to large radiative corrections 
from Yukawa couplings, thus relating the Z° boson mass to the top quark mass. 

From a \ 2 analysis, in which these constraints can be considered simultaneously, one can calculate the 
probability for each point in the MSGUT parameter space. The recently measured top quark mass prefers 
two solutions for the mixing angle in the Higgs sector: tan/3 in the range between 1 and 3 or alternatively 
tan/3 ~ 25 — 50. For both cases we find a unique \ 2 minimum in the parameter space. From the 
corresponding most probable parameters at the GUT scale, the masses of all predicted particles can be 
calculated at low energies using the RGE, albeit with rather large errors due to the logarithmic nature of 
the running of the masses and coupling constants. Our fits include full second order corrections for the 
gauge and Yukawa couplings, low energy threshold effects, contributions of all (s)particles to the Higgs 
potential and corrections to mb from gluinos and higgsinos, which exclude (in our notation) positive values 
« I ■ of the mixing parameter p in the Higgs potential for the large tan /3 region. 

Further constraints can be derived from the branching ratio for the radiative (penguin) decay of the b- 
quark into S7 and the lower limit on the lifetime of the universe, which requires the dark matter density 
due to the Lightest Supersymmetric Particle (LSP) not to overdose the universe. 

For the low tan/3 solution these additional constraints can be fulfilled simultaneously for quite a large 
region of the parameter space. In contrast, for the high tan/3 solution the correct value for the b — > S7 
rate is obtained only for small values of the gaugino scale and electroweak symmetry breaking is difficult, 
unless one assumes the minimal SU(5) to be a subgroup of a larger symmetry group, which is broken 
between the Planck scale and the unification scale. In this case small splittings in the Yukawa couplings 
are expected at the unification scale and electroweak symmetry breaking is easily obtained, provided the 
Yukawa coupling for the top quark is slightly above the one for the bottom quark, as expected e.g. if the 
larger symmetry group would be SO(10). 

For particles, which are most likely to have masses in the LEP II energy range, the cross sections are 
given for the various energy scenarios at LEP II. For low tan/3 the production of the lightest Higgs boson, 
which is expected to have a mass below 103 GeV, is the most promising channel, while for large tan /3 the 
production of charginos and/or neutralinos covers the preferred parameter space. 
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1 Introduction 



Grand Unified Theories (GUT's) in which the electroweak and strong forces are unified at a scale 
Mqut of the order 10 16 GeV are strongly constrained by low energy data, if one imposes unification 
of gauge- and Yukawa couplings as well as electroweak symmetry breaking. The Minimal Super- 
symmetric Standard Model (MSSM) [1] has become the leading candidate for a GUT after the 
precisely measured coupling constants at LEP excluded unification in the Standard Model [2-4]. 
In the MSSM the quadratic divergences in the higher order radiative corrections largely cancel, so 
one can calculate the corrections reliably even over many orders of magnitude. The large hierarchy 
between the electroweak scale and the unification scale as well as the different strengths of the 
forces at low energy are naturally explained by the radiative corrections [5]. Low energy data 
on masses and couplings provide strong constraints on the MSSM parameter space, as discussed 
recently by many groups [6-20]. 

In this paper we extend our previous statistical analysis [14] of low energy data to the large 
tan/3 region, in which case the bottom Yukawa couplings cannot be neglected. In addition to 
the constraints from gauge and Yukawa coupling unification, electroweak symmetry breaking and 
LEP limits on the SUSY mass spectrum, we include now constraints from b — > observed by 
CLEO [21] and the lower limit on the lifetime of the universe, which requires the dark matter 
density from the Lightest Supersymmetric Particle (LSP) not to overdose the universe. 

The theoretically more questionable constraint from proton decay in the MSSM [22,23], which 
involves the unknown Higgs sector at the GUT scale will not be considered. At tan (3 < 10 this 
constraint can be fulfilled [14], but at large tan/3 values one needs an extension of the minimal 
model, i.e cither a different multiplct structure [24] or a larger Higgs sector [25]. 

Assuming soft symmetry breaking at the GUT scale, all SUSY masses can be expressed in 
terms of 5 parameters and the masses at low energy are then determined by the well known 
Rcnormalization Group Equations (RGE). The experimental constraints are sufficient to determine 
these parameters, albeit with large uncertainties. The statistical analysis yields the probability 
for every point in the SUSY parameter space, which allows us to calculate the cross sections for 
the expected new physics of the MSSM at LEP II. These cross sections will be given as function 
of the common scalar and gaugino masses at the GUT scale, denoted by m , my 2 ; for each choice 
of mo, mi/2, the other parameters were determined from the constrained fit. 

2 The Model 

2.1 The Lagrangian 

The MSSM is completely specified by the standard SU(3)c x SU(2)l x U(1)y gauge couplings as 
well as by the low-energy superpotential and "soft" SUSY breaking terms [5]. The most general 
gauge invariant form of the R-parity (R p = (— i) 3 -B+l+2S-j conservm g superpotential is 

W = h E UE c B\e t , + h D Q3D c H\e t] + h v QW c H l 2 e t3 + nH\H J 2 € t] (1) 

(ei2 = +1). The following notations are used for the quark Q(3,2, 1/6), D c (3, 1, 1/3), 
U c (5, 1,-2/3), lepton 1,(1,2,-1/2), £ c (l,l,l) and Higgs #i(l, 2, -1/2), if 2 (l,2,l/2) chiral su- 
perfields with the SU(3)c x SU(2)l x U(1)y assignment given in brackets; fhu, rhu and rfiE refer 
to the masses of the superpartners of the quark and lepton singlets, while tHq and % refer to 
the masses of the weak isospin doublet superpartners. Yukawa coupling constants Ke,d,u are non- 
diagonal matrices in generation space. Since the masses of the third generation are much larger 
than masses of the first two ones, we consider only the Yukawa coupling of the third generation 
and do not write the generation indices. In this case Jie,d,u — * ^r,6,t- 

The "soft" SUSY breaking terms, by construction, do not generate quadratic divergences. 
These terms might originate from supergravity. In general, the "soft" SUSY breaking terms are 
given by [26]: 
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£ sb = -lY^MA^A-m^WA 2 -m 2 H2 \H 2 \ 2 (2) 

1 A 

-rh 2 Q \Q\ 2 m 2 D \D c \ 2 - rhfj\U c \ 2 rh 2 L \L\ 2 - rh 2 E \E c \ 2 
-m {) {h E A E VE c n\e l3 + h D A D QW c H[e i:j + h u A u Q j U c H i 2 e ij + h.c) 
-m (B fiHlH(e i: j + h.c) 

A is summed over all gauginos: M^,2,i are the masses of the SU(3)c x SU(2)l x U(1)y gauginos 
g,W 7 B and mi are the masses of the scalar fields. A T ,Ab,A t and B are trilinear and bilinear 
couplings. 

Assuming Grand Unification results in the following free MSSM parameters: 

• The common gauge coupling olgut- 

• The matrices of the Yukawa couplings hf b , where i — r,t,b. 

• The Higgs field mixing parameter fi. 

• The soft supersymmetry breaking parameters too, mi/ 2 , Aq, and B. 

Additional constraints follow from the minimization conditions of the scalar Higgs potential, which 
will be discussed later. Using these conditions the bilinear coupling B can be replaced by the ratio 
tan/3 = v 2 /vi of the vacuum expectation values of the two Higgs doublets at the scale M z . 

2.2 The SUSY Mass Spectrum 

All couplings and masses become scale (Q 2 ) dependent due to radiative corrections. This running 
is described by the renormalization group equations (RGE) [8]. 

The following definitions are used: Mqut is the GUT scale, Q is the running scale, a*, (i = 
1,2,3) are the three gauge couplings, &i = cci/Air, Yj, (j = t,b,r) = /i 2 /(47r) 2 are the third 

generation Yukawa couplings, and t = ln( M ^ T ). The couplings hj are related to the masses by 

mt = ht{mt)vsm(3 
mi, — hb(mb)v cos (3 

m T = h T (m T )v cos/3 (3) 

Here rrij (j — t, b, r) arc the running masses. 

Defining a vector on = &i, a§ — [a\, &2, &s, Y tl Y^, Y T ) allows to write the RGE in a compact 
form: 

3 Gauge couplings: {i = 1,2,3) 



den 
~dt 



3 Yukawa couplings: 



-ha 2 - a 2 ( ^bij&j - a io Y 3 J ( 4 ) 

\j =1 j=t,b,r 



dY — 

—jr = Y t j2\c%-J2 c h a * & A ( 5 ) 



dt 
dt 



i—l \ j>i 
6 / 6 



j>i 
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3 Gauginos: (i = 1,2,3) 



dMj 
dt 



= -b l a 2 M i 



The various coefficients have been summarized in tables 4-8. 
Masses of the 1st. and 2nd Generation (i = 1,2): 



dm\. 

dt 
dm 2 E . 

dt 

dt 

d ™u. 
dt 

dt 

Masses of the 3th Generation: 



3(a 2 M 2 2 + -SiMj 2 ) 



16 

(_a 3 M 3 2 + 3a 2 M| 
(ya 3 M| + — ai M 2 ) 
(ya 3 M| + — ai M 2 ) 



15^ 



dm 2 



= 3{& 2 M 2 + \a l Mf) -Y T {m 
5 



dt 



dm? 



dmlj 3 

dt 
lfh\ 

~dt 



12 

- = ( T a 1 M 2 )-2Y T (ml 3 +m 2 E3 +m 2 Hl +A 2 T ml) 

A Q ~ 



16 1 
- (y a 3 ^ 3 2 + 35 2 M| + — aiM 2 ) 

-[^(™Q 3 + ™u 3 + m L + A ? m o) + Y b (m 2 Q; 

= (y5 3 M 2 + j^aiM 2 ) - 2F t (m 2 ?3 + + m% 2 + A 2 m 2 ) 7 



™Q 3 + ™i> 3 + m Hi + ^ 



= (^ 3 M 3 2 + i^Mj 2 ) - 2r 6 (m| 3 + + + A 2 ™ 2 ) 



dt v 3 ° 

Higgs potential parameters: 



dt 
dt 



dm H 2 



= A* 



3(a 2 + -5i)- (3Y t + 3F 6 + Y T ) 
5 



3(a 2 M 2 + -5iM 2 ) - 3Y b (m 2 Q3 + m 2 D3 + m 2 Hi + A 



dt 



-Y T (mi 3 + m 2 E3 + m 2 Hl + A 2 T m 2 ) 

3(a 2 M 2 2 + \&!M 2 ) - 3Y t {m 2 Q3 + m 2 U3 + m 2 H2 + A 2 m 2 ) 



Trilinear couplings: 



dA b 
dt 
dA T 
~dT 



™a 3 Mi + 3&2 Ml + ? _ 6YbAb YtAt YtAt (23) 

3 mo mo 15 mo / 

= ( 3a 2 — + |ai— ) - 3Y b A b - 4Y T A T (24) 
mo 5 mo/ 



Here A t , At, A T and 2? are the couplings in £sb as defined before; Mi are the gaugino masses 
before any mixing. The boundary conditions at Q 2 = Mq UT or at t — are: 



m 



~2 



m; 



.7,2 



!7 — m D — <">L ~ 

Mi = m 1/2 ; 5,(0) = a G UT, 
A t = A 6 = A T = A . 



m, 



Mo! 



m| 



= ™o; 

1,2,3 



With given values for mo, m 1( / 2 , (J,, Y t ,Yb,Y Tl tan /3, and Aq and correspondingly known boundary 
conditions at the GUT scale, the differential equations can be solved numerically, thus linking the 
values at the GUT and electroweak scales. The non-negligible Yukawa couplings cause a mixing 
between the electroweak eigenstates and the mass eigenstates of the third generation particles. 
The mixing matrices are: 



m^ 3 +m? + i(4M^-M|)cos2/3 
m t (A t mo — jitcot/3) 



in 



U 3 



m t (A t mo — /icot/3) 
+ mf - | {M w - M 2 ) cos 2/3 



™Q 3 +<- W M w + Mf) cos 2/3 
m(,(j4fcm — /itan/3) 

™L + m l- W M w - Ml) cos 2/3 
m T (A T m — jtitan/3) 



m^A^mo — /Lttan/3) 
*T*S> 3 + m 2 + ±(M^ - M|) cos 2/3 

m T (A T m — yUtan/3) 
l | 3 +m2 + (M2 / -M|)cos2/3 

and the mass eigenstates are the eigenvalues of these mass matrices. The mass matrix for the 
neutralinos can be written in our notation as: 



(25) 

(26) 
(27) 



Mi 


Mz cos sin 9w 
y Mz sin sin 6w 





M 2 
cos /3 cos 9w 
— M z sin/3cos 0jy 



— Mz cos f3 sin Ow 
Mz cos /3 cos 9w 




Mz sin sin 6*14/ \ 
-Mz sin /3 cos 6>vy 

J 



(28) 



The physical neutralino masses m x o are obtained as eigenvalues of this matrix after diagonal- 
ization. The mass matrix for the charginos is: 



M ± = 



M 2 \/2M w sm0 
V2M W cos n 



(29) 



This matrix has two eigenvalues corresponding to the masses of the two charginos X\2- 



m 2 ± 

^1,2 



= 2^ 



2M W 



T V /(M| - /i 2 ) 2 + 4M W cos 2 20 + 4M W (M 2 + ^ + 2M 2M sin2/3)] 



(30) 



2.3 Radiative Corrections to the Higgs potential 

The Higgs potential V for the neutral components including the one-loop corrections AV can be 
written as [27]: 



™M| 2 + m 2 \H° 2 \ 2 - m 2 (H°H° + h.c.) 
g 2 + g 2 n tt0i2 1 tr oi2\2 



+ 



\h 2 yy + av 



with AV = _L^(-i) 2 -'* (2Ji + l)CimJ 



In 



Q 2 



(31) 



(32) 
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where the mass parameters are defined as 



ml = m 2 Hi + /i 2 (33) 
m\ = m| 2 +/i 2 (34) 
m\ = Bm [i (35) 



and the sum is taken over all possible particles (masses m») inside the loops. 
The minimization conditions 

9V n dV n 

at = °' in- = 



with tpi t 2 = ReiT° 2 yield: 



2ml = 2m 2 . tan /3- Mf cos 2/3- 2S X (36) 
2m^ = 2m^ cot /3 + M| cos 2/3 - 2S 2 , (37) 



where Si = \ ^r- and S 2 = 570^- are the one-loop corrections [27]: 



64-7T 2 ^ 9^: 

and the function / is defined as 9 : 



m 2 



/(m 2 ) = m 2 (ki^-lj (40) 

The Higgs masses can now be calculated including the complete 1-loop corrections for given masses 
mi [29,30]. The dominant 2-loop corrections from the third generation have been calculated in 
refs. [28,31-33]. 



3 Comparison of the MSSM with experimental Data 

In this section the various low energy GUT predictions are compared with data. The most restric- 
tive constraints are the coupling constant unification and the requirement that the unification scale 
has to be above 10 15 GeV from the proton lifetime limits, assuming decay via s-channel exchange 
of heavy gauge bosons. They exclude the SM [2-4] as well as many other models [3,34,35]. The 
only model known to be able to fulfill all constraints simultaneously is the MSSM. In the following 
we shortly summarize the experimental inputs and then discuss the fit results. 

3.1 Coupling Constant Unification 

The three coupling constants of the known symmetry groups are: 

ai = (5/3)/7(47r) = 5a/(3cos 2 <V) 

a 2 = g 2 /W) = a/sin 2 e w (41) 

«3 = Ss/(4tt) 

where g',g and g s are the U(l), SU(2) and ST/ (3) coupling constants. 

The couplings, when defined as effective values including loop corrections in the gauge boson 
propagators, become energy dependent ("running"). A running coupling requires the specification 

9 This definition differs by a factor 2 from the one of Ellis et al. [28] 
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of a renormalization prescription, for which the modified minimal subtraction (MS) scheme [36] 
is used. 

In this scheme the world averaged values of the couplings at the Z° energy are obtained from 
a fit to the LEP data [37], M w [38] and m t [39,40]: 

oT x (Mz) = 128.0 ±0.1 (42) 
sin 2 Sjjg = 0.2319 ±0.0004 (43) 
a 3 = 0.125 ±0.005. (44) 

The value of a~ 1 (Mz) was updated from ref. [41] by using new data on the hadronic vacuum 
polarization [42]. For SUSY models, the dimensional reduction DR scheme is a more appropriate 
renormalization scheme [43] . In this scheme all thresholds are treated by simple step approxima- 
tions and unification occurs if all three a^ 1 (/i) meet exactly at one point. This crossing point 
corresponds to the mass of the heavy gauge bosons. The MS and DR couplings differ by a small 
offset 

J= = J=-A, (45) 
dr ms 12tt v ; 

where the Ci are the quadratic Casimir coefficients of the group (C\ — N for SU(iV) and for 
U(l) so a\ stays the same). In the following the DR scheme will be used. 



3.2 Mz from Electroweak Symmetry Breaking 

Radiative corrections trigger spontaneous symmetry breaking in the electroweak sector. In this 
case the Higgs potential does not have its minimum for all fields equal zero, but the minimum is 
obtained for non-zero vacuum expectation values of the fields. Solving Mz from eqns. 36 and 37 
yields: 

M z 2 _ m 2 + S 1 -(m 2 ±I] 2 )tan 2 /3 
2 - tan 2 /3-l ' [ ' 

where the Si and £2 are defined in eqns. 38 and 39. 



3.3 Yukawa Coupling Constant Unification 

The masses of top, bottom and r can be obtained from the low energy values of the running Yukawa 
couplings as shown in eq. (3). The requirement of b — t Yukawa coupling unification strongly 
restricts the possible solutions in the mt versus tan /3 plane, as discussed by many groups [29,44-49] . 
The values of the running masses can be translated to pole masses following the formulae from [50] . 
In the MSSM the bottom mass has additional corrections from loops involving squark gluino and 
stop chargino loops [51,52]. These corrections are small for low tan/3 solutions, but become large 
for the high tan/3 values. 



2tt3 

^ mb = "3^" m S A 4 tan/3 I(m 2 x , m 2 2 , to 2 ) + Y t A t h tan/3 I(m tl ,m t2 , fi), (47) 
-[xy\og{x/y) + yz\og{y/z) + zx\og(z/x)} 

1{X ^ Z) = (x-y)(y-z)(z- X ) (48) 

This corrections, proportional to tan/3, are added to to;,: 

TO fc MS5M (M 2 ) - TO b (M 2 )(l + ATO fc ) (49) 



Corresponding corrections also exist for the r lepton: 



Am T — — nig n tan/3 l(m 2 Ti , m 2 Ti ,m 2 B ), (50) 
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but they are negligible to Am b , because they are proportional to ot\ and the bino mass mj, which 
gives a suppression of a factor of w 0.01. 

For the pole masses of the third generation the following values are taken: 

M t = 179±12GeV/c 2 [39,40], 
M b = 4.94 ± 0.15 GeV/c 2 [53], 

M T = 1.7771 ± 0.0005 GeV/c 2 [38,54]. (51) 

Since the gauge couplings are measured most precisely at Mz, the Yukawa couplings were fitted 
at Mz too. The running mass of the 6-quark at Mz was calculated by using the third order QCD 
formula [55], which leads to m b {M z ) = 2.84 ±0.15 GeV/c 2 for a s (M z ) = 0.125 ±0.005; the error 
on m b includes the uncertainty from a s . The running of to t is much less between M T and M z ; 
one finds m T (Mz) = 1.7462 ± 0.0005. The Yukawa coupling of the top quark is always evaluated 
at Mt, since its running depends on the SUSY spectrum, which may be splitted in particles below 
and above M t . 



3.4 Branching Ratio BR(b — > sj) 

The branching ratio BR(b — > sj) has been measured by the CLEO collaboration [21] to be: 
BR(b -» s 7 ) = 2.32 ± 0.67 x 10~ 4 . 

In the MSSM this flavour changing neutral current (FCNC) receives in addition to the SM 
W — t loop contributions from — t, ~ i and g — q loops. The x° — t loops, which are 
expected to be much smaller, have been neglected [56,57]. The g — q loops are proportional to 
tan/3 . From the formulae given by Oshima [57] we found this contribution to be small, even in 
the case of large tan f3 and therefore it was neglected. The chargino contribution, which becomes 
large for large tan [3 and small chargino masses, depends sensitively on the splitting of the two 
stop masses; therefore it is important to diagonalize the matrix without approximations. 

The theoretical prediction depends on the renormalization scale [58] for the standard QCD 
corrections to this decay. Varying this scale between rrib/2 and 2m,b leads to a theoretical uncer- 
tainty <7 t h. = 0.6 x 10~ 4 , which is added in quadrature to the experimental error. The fit prefers 
scales close to the upper limit, so the analysis was done with 2rrib as renormalization scale. 

Within the MSSM the following ratio has been calculated [57,59]: 

BR(b -> sj) W^ 2 rocpto [V 16/23 A 7 + f _ ^6/23)^ + g£ 

BR{b^cev) " \V cb \ 2 NLO tt I(m c /m b )[l-(2/3ir)a s (m b )f(m c /m b )] ' 1 ' 

where 

C w 0.175, 7 = 0.4847, (53) 
77 = a s (M w )/a s (m b ), f(m c /m b ) = 2.41. (54) 

Here f(m c /m b ) represents corrections from leading order QCD to the known semileptonic b — > cev 
decay rate, while the ratio of masses of c- and 6-quarks is taken to be m c /m b — 0.316. The ratio 

ly* y I 2 

of CKM matrix elements \v $ = 0-95 was taken from Buras et al. [58] the next leading order 
QCD-Corrections from Ali et al. [60]. A 1:9 are the coefficients of the effective operators for bs-j 
and for &s-gluon interactions respectively. Using the formulae of ref. [59] to compare with the 
experimental results leads to significant constraints on the parameter space, especially at large 
values of tan/3, as discussed in refs. [17,19,61-63]. 

For large tan/3 the chargino contribution is dominant and is proportional to A t \i [19] 

1, - ^r^tan/3. (55) 
m| to- 

For positive (negative) values of A t \x this leads to a larger (smaller) branching ratio BR(b — ► sj) 
as for the Standard Model with two Higgs doublets. 
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3.5 Experimental Lower Limits on SUSY Masses 



SUSY particles have not been found so far and from the searches at LEP one knows that the lower 
limit on the charged leptons and charginos is about half the Z° mass (45 GeV) [38] and the Higgs 
mass has to be above 60 GeV [64,65]. The lower limit on the lightest neutralino is 18.4 GeV [38], 
while the sneutrinos have to be above 41 GeV [38]. From the short LEP II run at 130 GeV in 
November 1995 the lower limit on the chargino mass is 65 GeV [66]. These limits require minimal 
values for the SUSY mass parameters. There exist also limits on squark and gluino masses from 
the hadron colliders [38], but these limits depend on the assumed decay modes. Furthermore, if 
one takes the limits given above into account, the constraints from the limits on all other particles 
are usually fulfilled, so they do not provide additional reductions of the parameter space in case 
of the minimal SUSY model. 



3.6 Dark Matter Constraint 

Abundant evidence for the existence of non-relativistic, neutral, non-baryonic dark matter exists 
in our universe [67,68]. The lightest supersymmetric particle (LSP) is supposedly stable and would 
be an ideal candidate for dark matter. 

The present lifetime of the universe is at least 10 10 years, which implies an upper limit on the 
expansion rate and correspondingly on the total relic abundance. Assuming ho > 0.4 one finds 
that the contribution of each relic particle species x has to obey [68] : 

9, x hl < 1, (56) 

where VL x h 2 is the ratio of the relic particle density of particle \ an d the critical density, which 
overdoses the universe. This bound can only be met, if most of the LSP's annihilated into fermion- 
antifcrmion pairs, which in turn would annihilate into photons again. 

Since the neutralinos are mixtures of gauginos and higgsinos, the annihilation can occur both, 
via s-channel exchange of the Z° and Higgs bosons and t-channel exchange of a scalar particle, like 
a sclectron [69]. This constrains the parameter space, as discussed by many groups [17,61,70,71]. 
The size of the Higgsino component depends on the relative sizes of the elements in the mixing 
matrix (eq. 28), especially on the mixing angle tan /3 and the size of the parameter /i in comparison 
to Mi « 0Am 1 / 2 and M 2 ~ 0.8m 1 / 2 . This mixing becomes large for the SO(10) type solutions, 
in which case the parameters can alway be tuned such, that the relic density is low enough. 

However, for low tan/3 values the mixing is very small due to the large value of \i required 
from electroweak symmetry breaking and one finds that the lightest scalars have to be below a 
few 100 GeV in that will be discussed below. The relic density was computed from the 

formulae by Drees and Nojiri [72] and from the more approximate formulae by Ellis et al. [73]. 
They typically agree within a factor two, which is satisfactory and good enough, since the relic 
density is such a steep function of the parameters for low tan/3, that the excluded regions are 
hardly changed by a factor two uncertainty. 



3.7 Fit Method 

The fit method has been described in detail before [14] for the low tan/3 region. In that case 
the analytical solutions for the SUSY masses could be found and one had to integrate only four 
RGE's 6(2, 0:3 and Y t ) numerically. For large tan/3 values all 25 RGE's of section 2.2 have to 
be integrated simultaneously. As a check, this integration was performed for low tan /3 values too 
and found to be in good agreement with the results using the analytical solutions for the masses. 
In the present analysis the following x 2 definition is used: 



2 _ K 1 {M Z ) - allssMj^z)) 2 (M^91.18) 2 (M t -179) 2 



1=1 1 ^ c 

(M b - 4.94) 2 (M T - 1.7771) 2 (Br (b -> s 7 ) - 2.32 x 10~ 4 ) 



a(b — ► S7) 2 
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exp. input data 




Fit parameters 


low tan /3 


high tan/3 


ai, 012,013 
m t 
m b 
m T 
M z 
b — > S7 

^universe 


minimize 

x 2 


^gut , o;gut 

yO yO _ yO 

m ,mi/ 2 
tan/? 

(A)) 


AfouT , «GUT 
yO _ yO _ V 
I t — *b — I T 

m ,mi/ 2 
tan/3 

^0 



Table 1: Summary of fit input and output variables. For the low tan/3 scenario the parameter Aq is 
not very relevant as indicated by the brackets. For large tan/3 r„„i„ e „ e does not yield any 
constraints (see text) . 



+ (Arl»»>l) 



+ 



(M - M exp )2 



4, 



(for M < M exp ) 



, (m L sp - m x ) 2 

H 2 (/ or m iSP charged). 



'LSP 



The first six terms are used to enforce gauge coupling unification, electroweak symmetry breaking 
and b — t Yukawa coupling unification, respectively. The following two terms impose the constraints 
from b — > S7 and the relic density, while the last terms require the SUSY masses to be above 
the experimental lower limits and the lightest supcrsymmetric particle (LSP) to be a neutralino, 
since a charged stable LSP would have been observed. The input and fitted output variables have 
been summarized in table 1. 



4 Results 



4.1 Constraints from b — r unification 

The requirement of b — r Yukawa coupling unification strongly restricts the possible solutions in 
the M t versus tan/3 plane, as discussed before. With the top mass measured by the CDF and 
DO-Collaborations [39,40] only two regions of tan/3 give an acceptable x 2 n t> as shown in the 
bottom part of fig. 1 for two values of the SUSY scales m , m 1 / 2 , which are optimized for the low 
and high tan/3 range, respectively, as will be discussed below. The curves at the top show the 
solution for M t as function of tan/3 in comparison with the experimental value of M t = 179 ± 12 
GeV. The M t predictions were obtained by imposing gauge coupling unification and electroweak 
symmetry breaking for each value of tan/3, which allows a determination of fi, a GU T, and Mqut 
from the fit for the given choice of m a , m\ / 2 . The results do not depend very much on this choice, 
as can be seen from a comparison of the solid and dotted lines in fig. 1. 

The best x 2 1S obtained for tan/3 = 1.7 and tan/3 = 42, respectively. They correspond to 
solutions where Y t » Y b and Y t ss Y b , as shown in the middle part of fig. 1. The latter solution is 
the one typically expected for the SO(10) symmetry, in which the up and down type quarks as well 
as leptons belong to the same multiplct, while the first solution corresponds to b — r unification 
only, as expected for the minimal SU(5) symmetry. 
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4.2 Electroweak symmetry breaking 



Eq. (46) for Mz can be written as 

, m? + Si + \M 2 , 
tan 2 /3 = — i f— |. 58 

From fig. 2 one observes that at low energy m\ + Si > m\ + S 2 as expected, since S 2 (Si) con- 
tains large negative corrections proportional to Y t (Yb) and Y t ^> Yj,. Consequently the numerator 
in eq. 58 is always larger than the denominator, implying tan 2 (3 > 1. 

For the large tan/3 scenario Y w Yj,, so Si w S 2 (see fig. 2). Eq. 58 then requires the starting 
values of mi and m 2 to be different in order to obtain a large value of tan/3. 

Several reasons for such a splitting could be thought of. E.g. SO(10) may be broken at a scale 
Mgo(io) above Mgut but below Mpi anc k. Such a symmetry breaking can lead to a direct splitting 
between mi and to 2 [74-76] . In addition Y t and Yb may be different at Mqut due to the evolution 
between Mgo(io) and Mqut • 

Using the RGE for the SU(5) group from ref. [77], we found Y t w 1.05Yf, and mi rs 0.96to 2 for 
the best fitted value of M SO (io) ~ 6 • 10 17 GcV. However these splittings are not large enough to 
generate electroweak symmetry breaking. 

Good fits can be obtained by splittings between to? and to| and Y t and Yt of the order of 25%, 
which we used in the following analysis (Y,(0) = 0.75Y t (0), to? — 1.25m 2 , + fi 2 , to 2 . = to 2 , + fi 2 at 
the GUT scale). 

The Higgs mixing parameter [i can be determined from radiative electroweak symmetry break- 
ing (EWSB), since eq. 46 can be rewritten as: 

2 _ m 2 Hi - m 2 H2 tan 2 (3 Si - S 2 tan 2 /3 _ Mf 
M ~ tan 2 /3-l tan 2 ,3-1 2 ' { ™> 

The dependence of \i on to and TO1/2 is shown in fig. 3. Due to the strong tan/3 dependence in 
eq. 59, the values are much smaller for the high tan/3 scenario. One observes that EWSB breaking 
determines only , so the mixing in the stop sector can be either large or small, depending on 
the relative sign of \i and A t ■ 

For large values of mo and TOi/ 2 the masses of the superpartners and the normal particles 
become different. In this case the famous cancellation of quadratic divergencies in supersymme- 
try does not work anymore, leading to large corrections for the Higgs potential parameters and 
electroweak scale, as shown in figs. 4-8. For clarity the Born terms have been displayed, too. 

It is a question of taste if one should exclude the regions with large corrections. In our opinion 
such a fine tuning argument is difficult to use for a mass scale below 1 TeV, and the whole region 
up to 1 TeV should be considered, leading to quite large upper limits in case of the low tan/3 
scenario [14]. 



4.3 Discussion of the remaining constraints 

In fig. 9 the total \ 2 distribution is shown as a function of to and m 1 / 2 for the two values of 
tan/3 determined above. One observes clear minima at m , m 1 / 2 around (200,270) and (800,88), as 
indicated by the stars in the projections. The different shades correspond to A\ 2 steps of 1. Note 
the sharp increase in \ 2 , so basically only the light shaded regions are allowed independent of the 
exact x 2 cut. The fitted values of the other parameters are shown in table 2 and the corresponding 
SUSY masses are given in table 3. 

The running of some masses down to Mz is shown in fig. 10. The values in table 3 are not the 
values at Mz, but at the physical mass TOj for each particle, since the running was stopped at TOj. 

The contours in fig. 9 show the regions excluded by different constraints used in the analysis, 
as will be discussed below. 

• LSP Constraint: The requirement that the LSP is neutral excludes the regions with small 
too and relatively large TO1/2, since in this case one of the scalar staus becomes the LSP 
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after mixing via the off-diagonal elements in the mass matrix (eq. 27). The LSP constraint 
is especially effective at the high tan /3 region, since the off-diagonal element is proportional 
to AtiriQ — /itan/3. 

• b — > S7 Rate: The predicted b — > sj rate is shown in fig. 11 as function of too and toi/ 2 
(with all other parameters optimized by the fit). At low tan/3 the b — > 57 rate is close to 
its SM value for most of the plane. The charginos and/or the charged Higgses are only light 
enough at small values of too and TO1/2 to contribute significantly. The trilinear couplings 
were found to play a negligible role for low tan/3 . Varying them between ±3mo did not 
change the results significantly, since A t shows a fixed point behaviour in this case: its value 
at Mz is practically independent of the starting value at the GUT scale, as shown in fig. 12. 

However, for large tan/3 the trilinear coupling needs to be left free, since it is difficult to fit 
simultaneously b — > s-f, m b and m T . The reason is that the corrections to rrib are large for 
large values of tan (3 due to the large contributions from g — q and x ± — t loops proportional 
to /itan /3 (see eq. 47). They become of the order of 10-20%, as shown in fig. 13. In order to 
obtain mb(Mz) as low as 2.84 GeV, these corrections have to be negative, thus requiring fi 
to be negative. 

As shown in fig. 11 the b —* s-f rate is too large in most of the parameter region for large 
tan/3 . In order to reduce this rate one needs A t {Mz) > for /x < (see eq. 55). Since for 
large tan/3 At does not show a fix point behaviour (see fig. 12), this is possible. The \ 2 f° r 
large tan (3 and Aq = is much worse than for fits in which Ao is left free, as can be seen in 
fig. 14; also the influence of Anib on the b — t unification solution is shown on the left side. 
Note that the Ato& corrections improve the fit. 

• Relic Density: the predicted Relic Density is shown in fig. 15. For the low tan/3 scenario 
the value of [i from EWSB is large (see fig. 3). In this case there is little mixing between 
the Higgsino and Gaugino sector as is apparent from the neutralino mass matrix: for |/x| 3> 
Mi w 0.4toi/ 2 the mass of the LSP is simply 0.4toi/ 2 and the "bino" purity is 99% (see 
table 2). For the high tan/3 scenario /x is much smaller (see fig. 3) and the Higgsino admixture 
becomes larger. This leads to an enhancement of \ — \ annihilation via the s-channel Z boson 
exchange, thus reducing the relic density. As a result, in the large tan/3 case the constraint 
Clh,Q < 1 is almost always satisfied unlike in the case of low tan/3. 

The mass of the lightest chargino is about 0.7 — 0.8 toi/ 2 , as shown in fig. 16. The low value 
of TO1/2 for the best fit at large tan/3 is mainly restricted by the chargino mass limit of 65GeV 
included in the fit. However, it will be difficult to exclude the large tan/3 scenario, since a change 
of the limit on the chargino masses from 65 GeV to the possible limit of 95 GeV at LEPII does 
not significantly change the x 2 of the best fit. 

Of course, this conclusion depends sensitively on the BR(b — > s-f) value. For large TOi/ 2 values, 
the prediction for this branching ratio is only 2 or 3 standard deviations above its experimental 
value (see fig. 11). 

Without the constraints from b s-f and dark matter, large values of the SUSY scale cannot 
be excluded, since the % 2 from gauge and Yukawa coupling unification and electroweak symmetry 
breaking alone does not exclude these regions (see fig. 17). However, there is a clear preference 
for the lighter SUSY scales. 

The fitted values of the trilinear couplings and the Higgs mixing parameter \i are strongly 
correlated with TOi/ 2 , so the ratio of these parameters at the electroweak scale and the gluino 
mass is relatively constant and largely independent of to (see figs. 18 - 21). The gluino mass 
depends only on to,i/ 2 (M g w 2.7 to,i/ 2 ), as shown in fig. 22. Note from the figures that although 
the trilinear couplings A t , Ab and A T have equal values at the GUT scale, they are quite different 
at the electroweak scale due to the different radiative corrections. 
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5 Discovery Potential at LEP II 



Table 3 shows that charginos, ncutralinos and the lightest Higgs belong to the lightest particles 
in the MSSM. 

In figs. 23,24 the masses of the lightest CP-even and CP-odd Higgs bosons are shown for the 
whole parameter space for negative ^-values. At each point a fit was performed to obtain the 
best solution for the GUT parameters. The mass of the lightest Higgs saturates at 100 GeV. For 
positive [i- values and low tan/? the maximum Higgs mass increases to 115 GeV. 

For high tan/3 only negative ^-values are allowed, since positive \i- values yield a too high 
6-mass due to the large positive corrections in that case, as discussed above. 

The programs SUSYGEN [78] and special SUSY routines [79] in ISAJET [80] have been used 
to calculate the production cross sections. 

Fig. 25 shows the mass of the lightest Higgs boson and the corresponding Higgs production 
cross sections at three LEP energies as functions of mo and for tan/3 = 1.7 and m t = 180 

GeV. 

Here the most significant second order corrections to the Higgs mass have been incorporated 
[81], which reduces the Higgs mass by about 15 GeV [30]. In this case the foreseen LEP energy of 
192 GeV is sufficient to cover the whole parameter space for the low tan/3 scenario, provided the 
top mass is below 190 GeV. For the large tan/3 scenario one needs the maximum possible LEP II 
energy of 205 GeV in order to cover at least some part of the parameter space, as shown in fig. 26. 

The cross section dependence on the centre of mass energy is shown for some representative 
Higgs masses in fig 27. Clearly the large tan/3 scenario is not very promising for the Higss mass 
discovery at LEP II. However, in that case the discovery potential of the chargino and neutralino 
searches is high, since the cross sections are large for < 120 GeV, as shown in fig. 28. This 

is exactly the region allowed by all other constraints for large tan/3 (see fig. 9), if one ignores the 
other solution with rriq > 3 TeV, i.e. m 1 / 2 ~ too ~ 1 TeV. 

6 Summary 

In the Constrained Minimal Supersymmetric Model (CMSSM) the optimum values of the GUT 
scale parameters and the corresponding SUSY mass spectra for the low and high tan/3 scenario 
have been determined from a combined fit to the low energy data on couplings, quark and lepton 
masses of the third generation, the electroweak scale Mz, b — > sj, and the lifetime of the universe. 

The solutions preferred by the best fit predict new particles at LEP II: The lightest Higgs 
boson in case of the low tan /3 scenario and chargino or neutralino production at the high tan /3 
scenario. The upper limits on the masses of these particles are outside the LEP II domain, but 
within reach of the LHC. 
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Fitted SUSY parameters 


Symbol 


low tan/3 


high tan/3 


m 


200 


800 


%/2 


270 


88 


M(0) 


-1084 


-270 




-546 


-220 


tan/3 


1.71 


41.2 


F t (m f ) 


0.0080 


0.0051 


Yt(0) 


0.0416 


0.0014 


n(o) 


0.12E-05 


0.0011 




177 


165 


runninq 


168 


157 


l/^GUT 


24.8 


24.3 


M G ut 


1.6 10 16 


2.5 10 16 


A(0)m 





1256 


A t (M z )m 


-446 


149 


A b (M z )m 


-886 


190 


A T (M z )m a 


-182 


639 


mi(M z )m 


612 


207 


m 2 {M z )m 


262 


-180 



Table 2: Values of the fitted SUSY parameters for low and high tan/3 (in GeV, when applicable). The 
scale is either Mz, m t , or GUT, as indicated in the first column by (Mz), (mt) or (0), respec- 
tively. The SUSY mass spectrum corresponding to these parameters is given in table 3. 
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SUSY masses in [GeV] 


Symbol 


low tan p 


high tan/3 




116 


35 


A2\ vv I 


231 


65 


Al \ vv ) 


231 


65 


if 


658 


936 


&L 


978 




P T > 


228 






973 


700 


Ql 






n r , 
HR 


605 




T~l 


227 


557 


T~2 


228 


695 


61 


560 


463 


62 


604 


549 


tl 


477 


461 




582 


543 




562 


M940 




("-"1571 


248 


A2 K 11 I 


569 


254 


h 


81 


110 


H 


739 


273 


A 


734 


273 


H± 


738 


285 


Mi 2 


0.42 


0.19 


Br(6 -» s 7 ) 


2.87 10~ 4 


2.5 10~ 4 


LSP^ \B > 


0.9973 


0.97 


LSP-^ \W 3 > 


0.0360 


-0.05 


LSP^ l^ > 


-0.0593 


-0.22 


LSP^ |H 2 ° > 


0.0252 


-0.03 



Table 3: Values of the SUSY mass spectra for the low and high tan/3 solutions, given in table 2. The (-) 
in front of the neutralinos indicates that it is a CP-odd state. The LSP is a linear combination 
of the gaugino and Higgsino components, as indicated by the last four rows. Note the much 
larger Higgsino component of the LSP for large tan (5, which leads to a small relic density. 
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Particle 


bi 


b 2 


&3 


9 








2 


k 


3 

10 


l 

2 







3 
5 








w 


A 



4 
3 


U 


q-t 


49 
60 


1 


5 
3 


ti 


1 

60 


1 

2 


1. 

6 




4 
15 





1 

6 


h 


2 
5 


2 
3 





H 


1 

10 


1 
6 





t 


17 
30 


1 


2 
3 


SM 


41 

10 


19 
6 


-7 


MSSM 


33 
5 


1 


-3 



Particle 



w 



q, I, gauginos 



Heavy Higgses 
and Higgsinos 





48 




f 




19 
15 

_L 

5 

11 

\ 30 



44 
15 



- / 



50 10 u 

A 29 

10 6 u 





Table 4: First order contributions 
to RG-equations. 



Table 5: Second order contributions to RG- 
equations. 



Region I 


cf 


4 


MSSM 




a 2 




Y t 


Y b 


Y T 


&i 


13 
15 


2743 
450 


-1 


136 

45 




6 
5 


2 
5 





012 


3 




15 
2 


-8 




-6 








a 3 


16 

3 






16 

9 




-16 








Y t 


-6 










22 


5 





Y b 


-1 












5 


1 


Y T 




















Region II 


















SM 


















ai 

Q!2 


17 
20 
9 

4 


1187 
600 


9 

20 
23 
4 


19 
15 

-9 




393 

80 
225 
16 


7 

80 
99 
16 


45 
24 
45 
24 


a 3 


8 






108 




-36 


-4 





Y t 
Y b 


9 
2 
3 
2 










12 


11 

4 
1 
4 


9 
4 

5 
4 


Y T 


-1 














9 
4 



Table 6: One- and two-loop coefficients c* and c\j in the RG-equations. 
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Region I 








C 


b 

'•i 






MSSM 


di 






Y t 


Y b 


Y T 


di 

d 2 
d 3 


•7 

15 

A 

16 
3 


907 

90 


-1 

15 
2 


Q 
O 

9 
o 

—8 

16 

9 


~5 





2 

~ 5 

£ 

— D 

-16 


D 

5 





Y t 


-1 








5 


5 





Yb 


a 
— 












q 
O 


Yt 


— I 












o 
3 


Region II 
















SM 
















di 
d 2 
d 3 


1 

4 
9 
4 

8 


127 
600 


27 
20 
23 
4 


31 
15 

-9 
108 


91 
80 
99 
16 

-4 


237 
80 

225 
16 

-36 


15 
8 
15 

8 




Y t 
Y b 

Y T 


3 
2 
9 
2 

-1 








1 

4 


n 

4 

12 


5 
4 

9 
4 
9 
4 


Region III 
















SM - Top 
















di 

d 3 


1 

4 
9 
4 

8 


127 
600 


27 
20 
23 
4 


31 
15 

-9 
108 







237 
80 

225 
16 

-36 


15 
8 
15 
8 




Y t 




















Y b 

Y T 


9 
2 

-1 










12 


9 
4 
9 
4 



Table 7: One- and two- loop coefficients and c^-. The coefficients are given for three integration regions: 
Msusy < Q < M GUT (MSSM), m t < Q < M SU sy (SM) and M z < Q < m t (SM - Top). Below 
the top mass all coefficients c| and proportional to Yt have to be set to zero. 
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Region I 


c l 






C 








MSSM 


&1 




«3 


Y t 


Y b 


Y T 


ot\ 


Q 

5 


2 


Q 

5 








2 
5 


D 

5 


a 2 


3 




15 
2 


r\ 

V 


c\ 

V 


(J 


n 

—o 


a 3 















-16 





y. 
1 1 


o 








o 


3 


o 


\r 
lb 


— o 










n 

y 


n 

y 


Y T 


—4 












10 


Region II 
















SM 
















ai 

a 2 


9 


1371 


27 






17 


5 


537 


4 
9 
4 


200 


20 
23 
4 


8 

45 
8 


8 

45 
8 


80 
165 
16 


a 3 












-20 


-20 





Y t 
Y b 


-3 
-3 








27 

4 


3 
2 

27 

4 


27 
4 

27 
4 


Y T 


5 
2 












3 


Region III 
















SM - Top 
















0L\ 
CH2 


9 
4 
9 
4 


1371 
200 


27 
20 

23 

4 










5 
8 

45 
8 


537 
80 

165 
16 


a 3 















-20 





Y t 


-3 

















Y b 


-3 










27 
4 


27 
4 


Y T 


5 
2 












3 



Table 8: One- and two- loop coefficients c* and c^. The coefficients are given for three integration 
regions: Msusy < Q < M GVT (MSSM), m t < Q < Msusy (SM) and M z < Q < m t (SM - 
Top). Below the top mass all coefficients cj and cjj proportional to Y t have to be set to zero. 
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Figure 1: The top quark mass as function of tan/3 (top) for values of mo,nii/2 optimized for low and 
high tan /3, as indicated by the dashed and solid lines, respectively. The middle part shows the 
corresponding values of the Yukawa coupling at the GUT scale and the lower part the obtained 
X 2 values. If the top constraint (mt = 179 ± 12, horizontal band) is not applied, all values of 
tan/3 between 1.2 and 50 are allowed (thin dotted lines at the bottom), but if the top mass is 
constrained to the experimental value, only the regions 1 < tan /3 < 3 and 25 < tan /3 < 50 are 
allowed. 
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Figure 2: The running of the parameters mi and iri2 in the Higgs potential (top) and Yukawa couplings 
of top and bottom quarks (bottom). 
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high tan (3 




Figure 3: The Higgs mixing parameter fj,o at the GUT scale as function of mo and mi/ 2 for the low and 
high tan f3 scenario, respectively. 
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Figure 4: The mass mi in the Higgs potential at Mz (Born level) in GeV as function of mo and m 1 / 2 
for the low and high tan f3 scenario, respectively. 
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low tan (3 high tan (3 




Figure 5: The mass mi in the Higgs potential at Mz (Born level) in GeV as function of mo and mi/2 
for the low and high tan f3 scenario, respectively. 
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Figure 6: The one-loop corrections Ei/m? at Mz as function of mo and mi/ 2 for the low and high tan/3 
scenario, respectively. 
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Figure 7: The one-loop corrections Y>2/m\ at Mz as function of mo and mi/ 2 for the low and high tan/3 
scenario, respectively. 
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Figure 8: The one-loop radiative corrections A(Mz)/Mz as function of mo and mi/ 2 for the low and 
high tan/3 scenario, respectively. 
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low tan |3 



high tan (3 




Figure 9: The total ^-distribution for low and high tan/3 solutions (top) as well as the projections 
(bottom). The different shades indicate steps of A\ 2 = 1, so basically only the light region is 
allowed. The stars indicate the optimum solution. 
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low tan |3 



high tan (3 




Figure 10: The running of the particle masses and the /i parameter for low and high tan/3 values. 




Figure 11: The branching ratio b — > S7 as function of mo and mi/2. Note that for large tan/3 only the 
region for mj/j < 120 GeV yields values compatible with experimental results. 
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high tan (3 




Figure 12: The running of A t . The values of (m ,m 1 / 2 ) were chosen to be (200,270) and (800,88) GeV 
for the low and high tan /3 scenario, respectively. However, the fixed point behaviour is found 
for other values of mo, mi/j too: at low values of tan/3 a strong convergence to a single value 
is found, while for high values this tendency is much less pronounced. 
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Figure 13: Corrections to the bottom quark mass from gluino, charged Higgses and Higgsino loop con- 
tributions in the MSSM as function of mo and m,\n. Note the large negative corrections 
for |jtt| < in this case. Positive /i-values would yield a large positive contribution, which 
excludes bottom-r unification for most of the parameter space. 
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excl. b — > sy incl. b — > sy 




1 10 1 10 

tan (3 tan (3 



Figure 14: The top mass as function of tan f3 for mo = 600 and m^2 = 70 GeV. The various curves show 
the influence of the Amt corrections, the b — > 57 branching ratio and the trilinear couplings 
of the third generation (At = Ab = A T = Ao) at the GUT scale. These effects are only 
important for the higher values of tan/3. 
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Figure 15: The relic density as function of mo and mi/ 2 for the low and high tan/3 scenario, respectively. 
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Figure 16: The lightest chargino mass as function of mo and rai/ 2 for the low and high tan/3 scenario, 
respectively. 
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Figure 17: As fig. 9, but only including the constraints from unification and electroweak symmetry 
breaking. 
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Figure 18: The ratio of fj,(M z ) and the gluino mass as function of mo and m 1 / 2 for the low and high 
tan (5 scenario, respectively. 
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Figure 19: The ratio of At and the gluino mass as function of mo and mi/2 for the low and high tan/3 
scenario, respectively (A = 0) . 
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Figure 20: The ratio of Ab(Mz) and the gluino mass as function of mo and rai/ 2 for the low and high 
tan (5 scenario, respectively (Aq = 0) . 
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Figure 21: The ratio of A T (Mz) and the gluino mass as function of mo and rai/ 2 for the low and high 
tan/3 scenario, respectively (Ao = 0). 




Figure 22: The gluino mass as function of mo and m 1 / 2 for the low and high tan/3 scenario, respectively. 
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Figure 23: The mass of the lightest CP-even Higgs as function of mo and for the low and high 

tan/3 scenario, respectively. The sign of fi is negative, as required for the high tan/3 solution, 
but chosen negative for low tan/3. 
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Figure 24: The mass of the CP-odd Higgs as function of mo and m 1 / 2 for the low and high tan/3 scenario, 
respectively. 
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Figure 27: The cross section as function of the centre of mass energy for different Higgs masses, as 
indicated by the numbers (in GeV). 
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Figure 28: The masses of the second lightest neutralino and chargino masses as well as the production 
cross sections for fi — —300 GeV and tan/3 = 46. fj, was kept to a representative value, 
since in most of the region the fit gave an unacceptable x 2 > so A 4 could not be determined. 
Positive values of /i give similar results. The steep decrease in the chargino cross section at 
small values of mo is due to the light sneutrino, which leads to a strong negative interference 
between s- and t-channcl in that case. Fortunately, the neutralino production is large in that 
region, as shown by the plot in the left bottom corner. 
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